INTRODUCTION
Calciphylaxis, also known as calcific uremic arteriolopathy, is a disorder characterized by calcification and thrombosis of skin arterioles associated with an intense inflammation in the subcutaneous tissue. 1, 2 It predominantly affects patients with end-stage renal disease who are on chronic hemodialysis. 1, 3 Affected patients present with severely painful skin lesions (such as nodules or livedo) that frequently ulcerate and become complicated by superimposed infections ( Fig. 1 : panels A and B). The definitive diagnosis of calciphylaxis is made by confirming the presence of calcified dermal arterioles on a skin biopsy in a patient with a clinical scenario consistent with the disorder. Calciphylaxis is reported to have a 1-year mortality rate of 55 %; ulcerated lesions are associated with mortality rates of over 80 %, 4, 5 with sepsis as the leading cause. In addition to high mortality, patients with calciphylaxis suffer from significant morbidity associated with wound burden and pain that frequently does not respond to high-potency analgesics. 6 Calciphylaxis is classified as a rare disease by the National Institutes of Health's Office of Rare Diseases Research; 7 however, like many other rare diseases, calciphylaxis' exact epidemiology remains unknown. Lack of data on fundamental issues such as incidence, prevalence, or mortality for any condition seriously impairs future patient-oriented translational research and limits Published online July 17, 2014 S924 investigators' abilities to examine temporal trends, epidemiological associations, and development of diagnostic biomarkers and novel therapy targets. In fact, despite first descriptions of calciphylaxis over 50 years ago, 8 there are persistent major knowledge gaps regarding its pathogenesis, risk factors, prognosis, and management strategies. The scientific literature on calciphylaxis consists predominantly of case reports, case series, and small cohorts, and its reported incidence and prevalence vary widely. 2 To date, no effort has been made to systematically assess its epidemiology in a large administrative database. As noted in a recent editorial on calciphylaxis, "[this knowledge gap] is astounding considering chronic hemodialysis patients are one of the best and most regularly monitored patient cohorts in the world." 9 What are the barriers to investigating calciphylaxis in a large administrative database such as the United States Renal Data System (USRDS)? Like many other rare diseases, calciphylaxis does not have a unique International Classification of Disease (ICD) code, and databases such as USRDS derive data from the submitted claims according to such codes. 10 Thus, even though we have a comprehensive cohort of chronic hemodialysis patients, we are limited in our ability to accurately identify calciphylaxis cases in such cohorts. We designed the present study 1) to test the operating characteristics (sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, and area under the receiver operating characteristic curve) of a novel algorithm for identifying cases of calciphylaxis using administrative claims; and 2) to describe the epidemiology of calciphylaxis in the United States using a national administrative database of end-stage renal disease patients (USRDS).
METHODS

Description of Databases Used for Development and Application of the Research Algorithm
Partners Research Patient Data Registry (RPDR). RPDR serves as a central clinical data warehouse for over 1.8 million patients treated in the Partners Healthcare System, and has been described in detail. 11 This data set contains information on patient demographics, diagnoses, laboratory data, and procedures, derived from a combination of claims submitted for billing purposes (including ICD-9 and CPT codes) and electronic medical records. RPDR also includes a narrative electronic provider note repository that can be queried using natural language processing software.
USRDS. USRDS is the national data registry that collects, analyzes, and distributes information on the chronic kidney disease and end-stage renal disease population, including those undergoing hemodialysis or peritoneal dialysis or being considered for renal transplant.
10 USRDS is funded by the National Institutes of Health and by the National Institute of Diabetes and Digestive and Kidney Diseases. This data registry contains information on patient demographics, diagnoses, procedures, treatments, and outcomes. Data are derived from the claims submitted for billing purposes based on billing codes such as ICD and CPT.
Description of Research Algorithm
Upon reviewing an ICD-9 register, we found calciphylaxis listed under ICD-9 diagnosis code 275.49, 12 described as "Other Disorders of Calcium Metabolism (short description: Dis calcium metablsm). This code covers not only calciphylaxis, but also many other conditions, including chondrocalcinosis, nephrocalcinosis, vascular calcification, oxalate-related arthritis, apatite-related arthropathy, extraskeletal calcification, intervertebral disc calcification, pseudohypoparathyroidism, pseudopseudohypoparathyroidism, and Bartter's syndrome with hypercalciuria. Definitive diagnosis of calciphylaxis is made by skin biopsy (either punch biopsy or excision procedure), confirming calcification in dermal arterioles along with mural thrombosis and septal panniculitis. 13 Diagnostic skin procedures in the claims database are identified by ICD-9 code 86.1 or Current Procedural Terminology (CPT) codes 110xx.
12,14 Although skin biopsy is part of the diagnostic work-up for calciphylaxis, it is not included in the diagnostic work-up for other disorders listed under the ICD-9 code 275.49. Therefore, we hypothesized that the simultaneous application of ICD-9 code 275.49 plus skin biopsy procedure codes (CPT codes 110xx and ICD-9 code 86.1) to claims in the USRDS would accurately identify suspected calciphylaxis cases.
Since hemodialysis is the most common dialysis modality in the United States (according to 2013 USRDS Atlas, 93 % of chronic dialysis patients were on hemodialysis in 2011, compared to 7 % on peritoneal dialysis), 10 and most of the literature descriptions of calciphylaxis are in hemodialysis patients, we focused on patients using chronic hemodialysis for this study.
Development of Research Algorithm
The RPDR database was used to compare the novel research algorithm to the gold-standard strategy. Incident calciphylaxis cases in this database were identified using natural language processing, review of electronic medical records, and review of pathology division records (gold-standard strategy) (Fig. 2) . We specifically included cases with new diagnosis of calciphylaxis and excluded patients with past history of calciphylaxis. The study protocol was approved by the Institutional Review Board at Partners Healthcare, which waived the need for informed consent, as all patient identifiers had been removed.
Epidemiology of Calciphylaxis
After developing our novel research algorithm in the RPDR, we applied it to the USRDS database to estimate both calciphylaxis incidence and mortality among patients with calciphylaxis. The incidence of calciphylaxis in the USRDS was calculated by dividing the number of new cases of calciphylaxis in a given study year by the number of total chronic hemodialysis patients in the USRDS for that year. Mortality in patients with calciphylaxis was reported as deaths per 1,000 patient-years. 
Statistical Analyses
The following operating characteristics were computed for the research algorithm in the RPDR: sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, and area under the receiver operating characteristic curve (AUC). Spearman correlation was used to describe the trend in calciphylaxis incidence and mortality over time. Statistical assessment of the suspected inflection point in the incidence trend was conducted using simple linear regression. A binary indicator variable was created to represent years earlier than, at, or later than 2006, using calciphylaxis incidence as the outcome; the slopes of these two time periods were compared. All P values were two-sided, and values of P<0.05 were considered statistically significant. All the analyses were conducted using SAS 9.3 version (Cary, NC).
RESULTS
Patient Population
Over the study period (January 1, 2002 to December 31, 2011), we identified 11,451 chronic hemodialysis patients in the RPDR. As expected for a chronic hemodialysis population, the prevalence of comorbidities such as diabetes mellitus and hypertension was high (43.1 and 26.1 % respectively). The number of chronic hemodialysis patients ranged from 188,598 (2002) to 252,569 (in 2011) in the USRDS. (Table 1 ).
Development of Algorithm
The algorithm was developed in the RPDR, where we identified 74 incident cases of calciphylaxis over the prespecified study period. From the original patient pool of 11,451 chronic hemodialysis patients in the RPDR, we identified 653 patients with "calciphylaxis" or "calcific uremic arteriolopathy" terms in their medical records, using natural language processing. Review of medical charts of these patients identified 102 patients with possible calciphylaxis. Seventy-five of these had a skin biopsy, through which the diagnosis was confirmed in 60 patients. Among the remaining 15 cases who had a skin biopsy, seven had a false negative skin biopsy (very high clinical suspicion, but the biopsy did not capture a representative dermal arteriole), and eight had a true negative skin biopsy. Seven of the 27 patients without a skin biopsy had clinical and imaging evidence for calciphylaxis.
Application of our novel research algorithm (application of ICD-9 code 275.49 plus skin biopsy procedure codes simultaneously to the claims) to the RPDR over the same pre-specified study period identified 69 incident cases of calciphylaxis, 66 of which were confirmed to be true positives. The remaining three cases were false positives. Our novel algorithm missed eight cases of calciphylaxis that were identified accurately by the gold-standard strategy (false negatives). Using these data, 2×2 tables were generated (Table 2) , and the following operating characteristics for the novel research algorithm were obtained: sensitivity 89.2 % (95 % CI: 79.8 to 95.2 %), specificity 99.9 % (95 % CI: 99.9 to 99.9 %), positive likelihood ratio 3,382.3, negative likelihood ratio 0.11, and AUC 0.96.
Epidemiology of Calciphylaxis
Application of the algorithm to the USRDS database identified 649 incident calciphylaxis cases over the 10-year study period (Table 3) , indicating increasing incidence (Fig. 3) 
Calciphylaxis Incidence and Outcomes in the USRDS Database
Incidence of calciphylaxis steadily increased from year 2007 to 2011, as shown in the circled portion of Fig. 3 . This trend was statistically significant (r=0.91, p=0.02). The most recent annual incidence of calciphylaxis was noted to be 5.7 cases per 10,000 chronic hemodialysis patients.
Unadjusted mortality rates per 1,000 patient years for calciphylaxis patients in the USRDS are shown in Fig. 4 . The mortality rates were 2.5-3 times higher for calciphylaxis patients compared to the average among chronic hemodialysis patients. We observed a non-statistically significant trend towards reduction in mortality among calciphylaxis patients from 700 deaths per 1,000 patientyears in 2007 to 488 deaths in 2011 (r=−0.81, p=0.09).
DISCUSSION
We have described development and application of an innovative research algorithm to investigate the epidemiology of calciphylaxis, a rare disease with significant morbidity and mortality seen in chronic hemodialysis patients. Despite the lack of a unique ICD code for calciphylaxis, by developing a novel algorithm that incorporates the simultaneous application of different billing codes to the largest administrative database for chronic hemodialysis patients (USRDS), we effectively described the increasing incidence of calciphylaxis in recent years (3.7 to 5.7 per 10,000 chronic hemodialysis patients), and strikingly, a 2.5-fold to threefold higher mortality rate among calciphylaxis patients compared to other chronic hemodialysis patients.
To the best of our knowledge, ours is the first study to systematically investigate the incidence and mortality of calciphylaxis at a national level in the United States. We believe that approaches such as this are highly informative in the investigation of rare diseases, and we would like to point out key features of our approach that can be applied to other rare diseases.
1) Thinking outside the box. Rare disease investigators must frequently create innovative approaches because of the challenges inherent to rare-disease research. In terms of identifying rare disease in large administrative databases, we believe that lack of unique billing codes is not necessarily an insurmountable barrier. We have demonstrated this in the case of calciphylaxis and trust that application of similar strategies for other diseases would be successful. In fact, a recent report describes a similar approach for esophageal atresia and trachea-esophageal fistula (EA/TEF), a rare complex condition in children. 15 By simultaneous application of an ICD code for medical diagnosis with procedure codes, Sulkowski et al. accurately identified cases of EA/TEF in the Pediatric Health Information System, a database that contains information about each inpatient hospitalization at more than 40 freestanding children's hospitals across the United States. 2) Efficient approaches to case identification in database research. Novel tools such as natural language processing can significantly improve the efficiency of case detection in large databases. For our research algorithm, we applied natural language processing to narrow down the number of medical records to be reviewed from 11,451 to 653. A number of recent publications have outlined innovative methods incor- Figure 3 . Application of research algorithm to estimate calciphylaxis incidence in the USRDS database identified a "major spike" between years 2006 and 2007 (arrow) due to change in coding pattern. The dotted circle denotes incidence of calciphylaxis in the USRDS.
porating natural language processing into database research, a strategy likely to play a significant role in rare disease research in the genomics era. [16] [17] [18] 3) Meticulous interpretation of results. Our algorithm performed very well in the RPDR; however, upon application to a substantially larger database, we discovered a limitation of the algorithm that was produced by a change in the ICD-9 coding method. We explored reasons for this inflection in the published literature by considering possibilities such as practice pattern changes for hemodialysis patients and temporal changes in demographics and clinical characteristics. [19] [20] [21] [22] [23] [24] No such change could explain the magnitude of inflection noted between the study years 2006 and 2007. Meticulous review of ICD code revisions revealed a likely explanation: calciphylaxis was specifically added under ICD 275.49 in October 2006. After identifying this important limitation, we decided to focus on study years 2007 onwards to derive calciphylaxis incidence and mortality. The relatively smaller sample size of our development database compared to the USRDS, as well as differences in billing patterns between academic institutions and community settings, may account for our inability to identify this issue during the development phase. 4) Collaborative approach. Investigations in rare diseases are possible only if different disciplines converge and establish collaborative networks. In our case, we established collaborations across nephrology, cardiology, and bioinformatics, and also enlisted the help of our local multi-disciplinary calciphylaxis team to accurately identify calciphylaxis cases in the RPDR. 5) Cost-efficient approach. In the current research environment of tightly constrained funding, it is important to appreciate that approaches such as establishing large patient registries for rare diseases face significant challenges. In that regard, it is important to make use of existing resources (e.g., USRDS) by developing innovative strategies such as the one described here.
The ability to accurately identify calciphylaxis cases in the USRDS now prepares investigators to examine a number of risk factors that have been previously described only in smaller studies. [3] [4] [5] 25, 26 Establishing temporal trends in calciphylaxis allows rigorous pharmacovigilance studies focused on therapeutics that are known to induce vascular calcification, e.g., vitamin D analogues, warfarin, calciumbased phosphate binders, and iron. [27] [28] [29] Accurate identification of calciphylaxis cases in a large administrative database such as the USRDS also offers the opportunity to study whether certain commonly used therapies in dialysis patients, such as cinacalcet, sevelamer, or statins, offer any protection against calciphylaxis. 25, 30, 31 Our study also provides fundamental epidemiological data, as future studies related to biomarkers, therapeutic target discovery, and clinical trials are planned for calciphylaxis.
Because we focused specifically on chronic hemodialysis patients, our findings may not be generalizable to calciphylaxis patients on chronic peritoneal dialysis, renal transplant recipients, or patients with normal renal function who develop calciphylaxis. [32] [33] [34] [35] The small number of calciphylaxis cases in the RPDR limited our ability to split the available cohort into development and validation data sets. We were unable to independently validate our novel research algorithm in the USRDS, since medical records and skin biopsy reports are not included in this administrative database. Further validation of such a research algorithm in an independent database is necessary to confirm our findings. Although our study showed a trend towards reduction in mortality rates among calciphylaxis patients in recent years, it is important to keep in mind that mortality rates for chronic hemodialysis patients with calciphylaxis are much higher than among chronic hemodialysis patients without calciphylaxis. Our study cannot explain if the trend in mortality reduction is a result of treatments such as sodium thiosulfate, or whether it is due to increased awareness and early recognition of the disease. 36, 37 A prospective study is needed to better understand calciphylaxis mortality rates and to assess the effectiveness of interventions to treat calciphylaxis. Similarly, unmasking detection signal bias and the possibility that increased awareness produced an apparent incidence increase cannot be entirely ruled out by any study of this nature. Since our research algorithm included skin biopsy as a pre-requisite to identify calciphylaxis cases, patients diagnosed based entirely on clinical suspicion were not eligible. This certainly leads us to believe that our incidence numbers are underestimates of true calciphylaxis incidence. However, a number of skin conditions in dialysis patients (e.g., necrotizing infections, vasculitis) may present with similar clinical features; in that regard, skin biopsy is a highly valuable tool in establishing the correct diagnosis. The accuracy of the algorithm will diminish if biopsies are ordered for cases with lower pre-test probability for calciphylaxis diagnosis.
In conclusion, we have developed a novel research algorithm to accurately identify calciphylaxis cases in a large administrative database. Calciphylaxis is rare, but its incidence appears to be rising in the chronic hemodialysis population and is associated with extremely high mortality rates. Our study provides valuable information for future patient-oriented research in calciphylaxis and also serves as a template for investigations in other rare diseases.
